Abstract-We investigated the effects of uninephrectomy (UNX) in 6-week-old male and female rats on blood pressure (BP), renal sodium handling, salt sensitivity, oxidative stress, and renal injury over 18 months postsurgery, studying control sham-operated and UNX-operated rats at 6, 12, and 18 months postsurgery, evaluating their renal sodium handling, BP, urinary isoprostanes, N-acetyl-β-d-glucosaminidase, and proteinuria before and after a 2-week high-salt intake period. At 18 months, plasma variables were measured and kidney samples were taken for the analysis of renal morphology and tissue variables. BP was increased at 6 months in male UNX rats versus controls and at 12 and 18 months in both male and female UNX rats and was increased in male versus female UNX groups at 18 months. UNX did not affect water and sodium excretion under basal conditions and after the different test in male and female rats at different ages. However, the renal function curve was shifted to the right in both male and female UNX rats. Highsalt intake increased BP in both UNX groups at 6, 12, and 18 months and in the female control group at 18 months, and it increased proteinuria, N-acetyl-β-d-glucosaminidase, and isoprostanes in both UNX groups throughout the study. Renal lesions at 18 months were more severe in male versus female UNX rats. In summary, long-term UNX increased the BP, creatinine, proteinuria, pathological signs of renal injury, and salt sensitivity. Earlier BP elevation was observed and morphological lesions were more severe in male than in female UNX rats. 
L
iving kidney donation has achieved excellent survival rates for recipients and has been considered to pose a low risk to donors. 1 However, enthusiasm for living donation waned somewhat in the early 1980s with experimental reports of hyperfiltration after uninephrectomy (UNX), and fears were expressed that living kidney donation could cause proteinuria, hypertension, and eventual glomerulosclerosis. 2 Indeed, it is possible that the impact of donation on blood pressure (BP) and renal function may have been underestimated because of the difficulties in their measurement, and potential vulnerability factors in donors have not been well explored. Nevertheless, the limited availability of organs from deceased donors and the growing demand for transplantation have produced a marked increase in living kidney donation worldwide over recent years. 3 As a result, thousands of healthy individuals are becoming uninephric every year, generating some concerns about the long-term consequences of UNX. 3, 4 Data on the relationship between nephron loss and the risk of increased BP or proteinuria have not been consistent. It has been reported that the initial loss of renal function is, in part, compensated for producing a mean glomerular filtration rate that is 70% to 75% of the pre-UNX value. 5, 6 Some researchers have found an increase in BP after kidney donation, 7, 8 and studies comparing donors with siblings or potential kidney donors have shown conflicting results for the impact of donation on BP, renal function, and proteinuria. 7, [9] [10] [11] [12] It is complicated to dissociate the effects of the aging process from the influence of UNX, because both renal function and BP are influenced by age. Thus, in studies of age-and sex-matched populations, some 9, 11, 12 but not all 7 authors found differences in BP between kidney donors and the general population. Rats undergoing UNX at 3 weeks of age were reported to show hypertension and reduced glomerular filtration rate at 6 to 8 weeks in comparison with controls, 13 and Zheng et al 14 performed UNX in mice and found a more advanced diabetic nephropathy in diabetic mice but almost no effects in nondiabetic mice.
Studies on human kidney donors have been limited, because invasive testing is ruled out in the clinical setting and it is scarcely more feasible to recruit living donors for the longterm follow-up of key renal functional and morphological parameters. With this background, the objective of the present study was to examine the consequences of UNX in male and 2
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female rats, as a model of donor nephrectomy, on BP, renal sodium handling, salt sensitivity, oxidative stress, and renal injury over 18 months and on renal pathology variables gathered at 18 months.
Methods

Animals
Male and female Wistar rats born and raised in the experimental animal service of the University of Granada were used. Experiments were performed according to European Union guidelines for the ethical care of animals. At 6 weeks of age, the rats were divided into 4 groups (n=25 in each), 1 male and 1 female group for UNX and 1 male and 1 female group for sham operation (controls). In the UNX group, total extirpation of the left kidney was performed, leaving the adrenal gland intact. Sham-operated animals were prepared in the same manner, and the left kidney was handled but not removed. Postsurgery, all animals had access to standard chow and tap water ad libitum.
Experimental Protocol
The same experimental protocol was repeated in the same 8 rats from each study group at 6, 12, and 18 months after surgery in the following consecutive procedures: (1) for baseline, animals were housed in metabolic cages (Panlab, Barcelona, Spain) with food and tap water available ad libitum for a 4-day period (2 days for adaptation+2 experimental days), during which food and fluid intakes were measured and urine samples were collected; (2) for water deprivation, animals were water deprived for 24 hours; (3) for isotonic saline load, animals received an intraperitoneal injection of 0.9% NaCl at 3 mL/100 g of body weight; urine samples were taken at 5 hours after the injection, applying light suprapubic pressure before and after each urine collection to ensure that the bladder was emptied; (4) for hypertonic saline load, animals received an intraperitoneal injection of 3% NaCl at 3 mL/100 g of body weight; and (5) for high-salt intake, animals received 1% NaCl saline solution as sole drinking liquid for 2 weeks. Tail systolic BP was measured before and after 2 weeks of 1% NaCl solution administration, using tail-cuff plethysmography in unanesthetized rats (LE 5001-Pressure Meter, Letica SA, Barcelona, Spain). Data were gathered on the urine volume and total urinary sodium and potassium at all these procedures and on creatinine, proteinuria, N-acetyl-β-d-glucosaminidase (index of renal injury), and isoprostanes (as index of oxidative stress) under baseline conditions and after 2 weeks of increased saline intake. At 18 months, after completion of the above sodium-handling study, all rats were anesthetized with ethyl ether, and blood samples were taken by aortic puncture to determine plasma values of urea, creatinine, total proteins (index of volume expansion), electrolytes (sodium and potassium), total cholesterol, high-density lipoprotein, and low-density lipoprotein. Finally, the rats were killed by exsanguination under ethyl ether anesthesia, and the kidneys and ventricles were removed and weighed. Kidney samples were taken for the pathology study and to measure tissue levels of transforming growth factor-β, type III collagen, nitrate/nitrite, and 8-isoprostane. Analytical procedures, histopathologic analysis, and statistical analysis are described in the online-only Data Supplement.
Results
Morphological Variables
Body weight was similar between control and UNX groups at 6 and 12 months but was significantly reduced in both male and female UNX groups at 18 months. Absolute kidney and heart weights were significantly lower in female than in male rats, and the kidney weight/body weight ratio was higher in the UNX groups than in the control groups, as expected. Compensatory renal hypertrophy was greater (P<0.05) in male (159.4 ± 5%) than in female (137.7 ± 4%) UNX rats. Heart weight/body weight and left ventricular weight/body weight ratios were higher in the female groups than in the male groups, and the left ventricular weight/body weight ratio was higher in female UNX rats than in female controls ( Figure S1 and Table S1 in the online-only Data Supplement). Figure S1 (right) in the online-only Data Supplement shows that the tail systolic BP at 6 months after UNX was higher in the male UNX group than in the male control group, whereas no significant difference was found between the female UNX group and female control group. At 12 and 18 months postsurgery, the systolic BP was higher in the male and female UNX groups than in the respective control groups at 12 and 18 months, and it was higher in the male versus the female UNX group and in the male versus the female control group at 18 months.
Blood Pressure
Renal Sodium Handling
Baseline water and sodium excretion levels did not differ between UNX and control groups of either sex. No difference in acute renal sodium handling was observed between UNX and control groups of either sex at any time point. Diuresis and natriuresis were higher in female versus male groups at all time points ( Figure S2 in the online-only Data Supplement), although significance was not reached in some tests. Figure 1 depicts the pressure-natriuresis relationship (between systolic BP and steady-state sodium excretion) in the groups before and after 2 weeks of high-salt intake. The renal function curve was altered in comparison with controls in the male UNX group at 6 months and in both UNX groups at 12 and 18 months, with a shift to the right of the pressurenatriuresis relationship. In addition, a reduced slope was observed in the UNX female group at 6 months and in both UNX groups at 12 and 18 months in comparison with their respective controls.
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Plasma and Renal Variables Measured at the End of the Study
Plasma urea and creatinine levels were higher in both UNX groups. Plasma sodium and potassium levels were similar among all groups, whereas total plasma protein was slightly lower in the UNX groups but without reaching statistical significance. Creatinine clearance was reduced in both UNX groups in comparison with their respective controls. After 2 weeks of increased saline intake, creatinine clearance was similar to baseline values in both male groups but markedly elevated versus baseline in the female groups. Total cholesterol was lower in the female UNX groups than in either male group, whereas high-density lipoprotein and low-density lipoprotein were lower in the female control group than in either male group (Table S2 in the online-only Data Supplement). Figure 2 depicts the salt-sensitivity results in the 4 groups. The 2-week high-saline intake period produced a BP increase in male and female UNX groups at different ages (6, 12, and 18 months) but produced no BP increase in male controls and an increase in female controls only at 18 months.
Salt-Sensitivity Variables
Proteinuria was increased in all groups at 12 and 18 months in comparison with values at 6 months, and the increase was higher in the UNX groups at the end of the experiment. Proteinuria was not significantly modified by the 2-week high-saline intake period in any group at 6 months but was increased versus normal conditions in the male UNX group at 12 months and in all groups at 18 months, when the UNX groups showed the highest values. Urinary N-acetyl-β-dglucosaminidase was increased by high-salt intake in male and female UNX rats at 6 months and markedly increased at 12 and 18 months; it was also increased by the high-salt intake in male control rats at 12 months and in both male and female controls at 18 months. Under normal conditions, urinary isoprostane excretion was higher in female groups than in male groups during the entire study period and was higher in the female UNX group than in the other 3 groups at 18 months. 8-Isoprostane values after the high-salt intake period were markedly higher in both UNX groups at 12 and 18 months and were not changed in male or female control groups except for a slight increase at 18 months.
Renal Tissue Inflammatory and Oxidative Stress Variables
Renal transforming growth factor-β, type III collagen, nitrate/ nitrite, and 8-isoprostane values at the end of the experiment (18 months) were similar among all groups (data not shown).
Histopathologic and Quantitative Interstitial Fibrosis Results
Some structural morphological changes were found in the control groups of rats at 18 months, observing mild increased mesangial matrix with glomerular sclerosis and tuft synechiae, cystic appearance of some glomeruli with mild tuft atrophy, and the presence of tubular atrophy ( Figure S3 ). Only tubular casts, mild glomerular cyst, and glomerular hypercellularity were significantly increased in 18-month-old male control rats in comparison with female control rats. Overall, glomerular, tubulointerstitial, and vascular lesions were significantly more severe in male UNX rats than in female UNX rats or male control rats at 18 months of age (Table) . Histopathologic examination of renal slices from UNX male rats showed major alterations, including abundant tubular casts, marked dilation of tubules and incipient tubular atrophy, and focal inflammatory infiltrate ( Figure S3 ). In comparison with the other groups, male UNX rats showed more intense glomerular sclerosis, mesangial matrix, tubular atrophy, and the presence of tubular casts, with images of thyroidization and thickening of the basement membrane in both tubular and capsular structures and more severe chronic inflammatory infiltrate and hyaline arteriopathy.
Quantitative interstitial fibrosis analysis revealed a higher degree of fibrosis in both UNX groups versus their respective controls and in male versus female UNX rats, as shown in the Table. The percentage of interstitial connective tissue in the male control rats was higher than the 5% to 8% generally reported in young rats (2-4 months), indicating the development of age-related fibrosis in the kidney of normal rats.
Discussion
The main findings of this study were that UNX after completion of nephrogenesis was accompanied in the long-term by increased BP, proteinuria, and biochemical and pathological signs of renal injury in male and female rats. UNX rats also showed increased salt sensitivity after 2 weeks of an increased saline intake, manifested by augmented BP and an increase in proteinuria and urinary N-acetyl-β-d-glucosaminidase (both indexes of renal injury) and isoprostanes (index of oxidative stress). However, UNX did not affect the acute renal sodium handling after saline loads. Moreover, the increased BP appeared earlier and the morphological renal lesions were greater in male than in female UNX rats.
The plasma levels of urea and creatinine were higher and the creatinine clearance was lower in both UNX male and female groups versus controls at 18 months, consistent with their reduced renal mass and in agreement with reports in rats at 6 to 8 weeks 13 and cats at 2 to 5 years 15 after UNX. Creatinine clearance after 2 weeks of increased saline intake was similar to baseline values in both male groups but was markedly elevated in the female groups. This phenomenon has also been reported in rats after a longer period of increased saline intake. 13, 16 Brenner et al 17 proposed an inverse relationship between nephron number and the risk of hypertension in later life. However, controversial data have been reported on the effects of nephrectomy on BP for live kidney donation, with some authors finding no increase in the prevalence of hypertension 1, 5, 18 and others reporting an increase in BP. 8, 19, 20 Our results show that UNX produces a long-term BP increase that is sex related, with male rats being more sensitive to renal mass reduction. Our data agree with previous observations of a relationship between reduced nephron number and elevated BP in animal models 21, 22 and in humans. 8, 19, 20 Our data also agree with the sex differences in BP regulation documented in several animal models. 23 Although the present study did not explore how this sexual dimorphism is produced, one possibility is a different regulation of vascular function between the sexes. Thus, it is known that the responsiveness to vasoconstrictors in the renal vasculature is greater in male groups than in female groups. 24 Most studies have revealed an increased proteinuria after UNX, 7, 11, 19 although the amount of urinary protein is usually small. A meta-analysis that included >5000 donors reported a slight increase in proteinuria in comparison with controls, 20 whereas several studies of donors 7, 11, 19 showed greater proteinuria in the men than in the women. Our study shows that proteinuria was increased in all groups with age and that UNX increased proteinuria in male groups at 12 months, with the greatest increase being observed in both UNX groups at the end of the experiment. Our results agree, in part, with the above data in UNX humans, although we did not find a greater proteinuria in the male groups. It was reported that proteinuria in cats at 2 to 5 years after UNX did not significantly differ from that in age-and sex-matched controls, 15 suggesting species-related differences.
UNX did not affect water and sodium excretion in our male and female rats under baseline conditions or after the different tests at the different ages. However, a reduced natriuretic response to volume expansion was observed in UNX rats at 10 and 26 weeks after surgery, 25 whereas Carlström et al 13 reported an increased diuresis in UNX male rats at 6 to 8 weeks after the operation. These discrepancies may be because of the different post-UNX periods considered.
The kidneys play a key role in the homeostatic regulation of body fluid volume and therefore in long-term BP control. 26 In all forms of chronic hypertension, the renal pressure-natriuresis mechanism is abnormal. 27 Analysis of the relationship between the BP and steady-state sodium excretion in the groups before and after 2 weeks of high-salt intake showed a shift to the right and a reduced slope, resulting in a blunted pressure natriuresis, in the male UNX rats at 6 months and in both UNX groups at 12 and 18 months. These data agree with previous reports 13, 14 in UNX male rats after a shorter postoperative period (5-8 weeks). The mechanisms underlying this phenomenon and the salt-sensitive hypertension in the UNX rats have not been addressed in this study, but a role may be played by a decreased dopamine-induced natriuresis 25 or an altered adaptive change of the renal sodium transporters to the increased salt intake of the UNX rats. 28 We examined the effects of UNX at a young age, but after completion of nephrogenesis, on BP after 2 weeks of increased saline intake, finding that BP was increased in both male and female UNX groups at 6, 12, and 18 months but in female controls only at 18 months. Carlström et al 13 also observed that high-salt diet increased the BP in male groups after a short period of UNX (6-8 weeks). Our study clearly demonstrates that aging in female rats and a reduction in nephron number in male or female rats cause salt-sensitive hypertension. Moreover, variables related to salt-induced renal injury, such as proteinuria, N-acetyl-β-d-glucosaminidase, and isoprostanes, 16, 29 were markedly increased by the high-salt intake in both UNX groups, indicating that UNX increases renal salt sensitivity.
Several studies have extensively detailed morphological changes in the kidney during aging. 30, 31 The normal aging process leads to slightly more pronounced changes in kidney morphology in male versus female rats. 31 Old intact male rats develop glomerulosclerosis, but castrated male rats are protected from this injury. 31 The present results are compatible with previous descriptions of age-related kidney changes and with the sexual dimorphism pattern of these morphological features. 30, 31 Our data also reveal more intense histopathologic tubulointerstitial renal lesions and a higher degree of interstitial fibrosis in both UNX groups versus controls and in the male versus female UNX rats.
In summary, this study indicates that UNX in young male and female rats over the long term is associated with increased BP, augmented plasma levels of urea and creatinine, proteinuria, and morphological signs of renal injury. UNX is also associated with salt sensitivity, manifested by an elevated BP, increased oxidative stress, and signs of renal injury in response to an increased saline intake. However, UNX did not affect the acute renal sodium handling. BP was increased earlier and renal parenchyma injury was greater in male versus female UNX rats.
Perspectives
The marked increase in living kidney donation worldwide means that thousands of healthy individuals become uninephric every year. The observations reported in this study contribute experimental data on the long-term consequences of UNX in a rat model of donor nephrectomy. UNX at a young age produced a long-term increase in BP and in biochemical and morphological signs of renal injury in both male and female rats, with an earlier BP elevation and more severe morphological lesions in male versus female UNX rats. This study also showed that UNX causes salt-sensitive hypertension in both sexes. From a clinical and public health perspective, this study indicates that UNX increases BP and aggravates agerelated renal injury, especially in male individuals, suggesting that salt restriction should be recommended to attenuate these alterations.
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